A QCD inspired relativistic effective Hamiltonian model for the bound states of mesons has been constructed, which integrates the advantages of several QCD effective Hamiltonian models. Based on light-front QCD effective Hamiltonian model, the squared invariant mass operator of meson is used as the effective Hamiltonian. The model has been improved significantly in four major aspects: i) it is proved that in center of mass frame and in internal coordinate Hilbert subspace, the total angular momentum J of meson is conserved and the mass eigen equation can be expressed in total angular momentum representation and in terms of a set of coupled radial eigen equations for each J; ii) Based on lattice QCD results, a relativistic confining potential is introduced into the effective interaction and the excited states of mesons can be well described; iii) an SU(3) flavor mixing interaction is introduced phenomenologically to describe the flavor mixing mesons and the mass eigen equations contain the coupling among different flavor components; iv) the mass eigen equations are of relativistic covariance and the coupled radial mass eigen equations take full account of L − S coupling and tensor interactions. The model has been applied to describe the whole meson spectra of about 265 mesons with available data, and the mass eigen equations have been solved nonperturbatively and numerically. The agreement of the calculated masses, squared radii, and decay constants with data is quite well. For the mesons whose mass data have large experimental uncertainty, the model produces certain mass values for test. For some mesons whose total angular momenta and parity are not assigned experimentally, the model gives a prediction of the spectroscopic configuration 2S+1 LJ . The connection between our model and the recent low energy QCD issues-the infrared conformal scaling invariance and holographic QCD hadron models is discussed.
I. INTRODUCTION
To study hadronic properties at low energy scales, nonperturbative effects must be taken into account [1] . To describe mesons and baryons, there are several main approaches: coupled Bethe-Salpeter(BS) and Dyson-Schwinger(DS) equation approach, relativistic constituent quark model based on Bethe-Salpeter equation(BSE), relativistic string Hamiltonian approach, and holographic light-front QCD approach. In the coupled Bethe-Salpeter and Dyson-Schwinger equation approach by P. Maris, P. Tandy, L. Kaptari et al. [2] , the dressed quark propagators are assumed to have time like complex mass poles where the absence of real mass poles simulates quark confinement; the BS kernel is approximated by ladder rainbow truncation with two-parameter infrared structure. The approach contains four parameters in u-d-s quark sector and is consistent with quark and gluon confinement. Besides, it has the feature of preserving the relevant Ward identity and generating Dynamical chiral symmetry breaking. The vector mesons ρ, φ, and K * are studied in detail, the calculated masses of ρ, φ,and K * mesons and decay constants f ρ , f φ , and f K * are within 5% and 10% of the data respectively. Moreover, the ground-state spectra of light-quark mesons are also studied and a good description of flavor-octet pseudoscalar, vector, and axial-vector meson spectrum is obtained. The applicable domain of ladder truncation and the relative importance of various components of the twobody BS amplitude are also explored. However heavy quark mesons are not investigated and the number of mesons treated are not too many. R. Alkofer, P. Watson, and H. Weigel [3] follow the same approach, scalar and pseudoscalar, vector and axial vector mesons are studied. A similar approach is pursued by P. Jain and Munczek [4] , about 50 mesons are investigated and the results are in good agreement with experiments. But heavy quarks are analyzed by non-relativistic dynamics. It should be noted that in contrary to Hamiltonian dynamics which works with wave functions that are not manifestly covariant quantities, the above BSE/DSE approaches emphasize the relativistic covariant aspect of the formalism and invariant quantities are studied.
The constituent quark model(CQM) works surprisingly well for most of the observed hadronic states [5, 6] . However, as a phenomenological theory, there are still some problems and puzzles that need to be clarified and understood [7] . One of the most important problems is relativistic effect. To solve the relativistic covariant problem of CQM, the relativistic constituent quark model based on Bethe-Salpeter equation was proposed by B. [8] . In this approach, the meson and baryon Hamiltonians are extracted from Bethe-Salpeter equation and the relativistic covariant constituent quark models for mesons and baryons are constructed. Based on Dirac structure of the two-body effective interactions, two types of models( A and B) are constructed. This approach addresses hadron mass spectra from ground state to 3GeV, light-flavor mesons, scalar excitations, linear Regge trajectory, pseudoscalar mixing, and parity doublet(for baryons). In this approach, the Dyson-Schwinger equation(DSE) is approximated by parametrization of infrared effective gluon propagator, the interaction kernel of BSE is given by single gluon exchange(OGE) and the confinement is parameterized by a string-like potential ( having two versions defined by Dirac structures A and B ). The instanton-induced spinflavor dependent interaction is also included in the BSE kernel. The mass spectra up to 3 GeV, electroweak and strong-decay properties are calculated with 7 to 9 parameters. About 60 scalar and pseudo-scalar, vector and axial vector, and some tensor mesons with J=0,1,2 are calculated by models A and B, and compared to GodfreyIsgur's calculation and experimental data ( the deviation seems large but the errors are not indicated ). Due to the Dirac structure of the effective interactions, spin-spin and spin-orbital interactions are included. Besides, heavy mesons are not treated.
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The relativistic string Hamiltonian approach was proposed by A.M. Badalian et al. [9] . The merit of this approach is that the quark-anti-quark interaction and the confinement are generated by the relativistic string ( through Nambu-Goto action for QCD vacuum fluctuation) which leads to a large reduction of the number of model parameters. After quantizing the action by path integral, they construct a Hamiltonian with a linear confining potential and hyperfine quark-anti-quark interactions. Using only one parameter of string tension, they study the systematic property of orbital excitations and rotation of mesons. The linear Regge trajectory relation between squared mass and orbital angular momentum is produced nicely and in agreement with the data for about 40 mesons. The relativistic string Hamiltonian approach is spin-independent. In the lowest order, this approach doesn't contain spin-spin, spin-orbital, and tensor interactions, thus it can produce the spin averaged mass spectra for mesons. However, to include the higher order effects by perturbation method, the hyperfine spindependent interactions could be obtained.
The holographic light-front QCD approach by S. J. Brodsky and G. F. de Teramond et al. [10] is based on light-front QCD and AdS/CFT correspondence. The AdS/CFT correspondence between string theory in AdS space and conformal field theories in physical space-time leads to an analytic, semi-classical model for stronglycoupled QCD, which has scale invariance and dimensional counting at short distances and color confinement at large distances. This correspondence also provides AdS/CFT or holographic QCD predictions for the analytic form of the frame-independent light-front wave functions (LFWFs) and masses of mesons and baryons. Recently, Brodsky et al. [10] have found that the transverse separation of quarks within hadron is related to holographic coordinate (the fifth dimensional z-coordinate) in AdS/CFT correspondence, the mass eigen equation of meson in light-front effective Hamiltonian approach corresponds to the equation of motion for the holographic field of effective gravity field of super string in AdS space at low energy limit. Recently, they have modified the gravitation background by using a positive-sign dilaton metric to generate confinement and break conformal symmetry. In the meanwhile, the chiral symmetry is broken and a mass scale is introduced to simulate the effect. Based on AdS/CFT correspondence, the holographic light-front QCD model yields a first order description of some hadronic spectra. This model is quite appealing and promising, since it has established a profound relationship between super string theory and QCD in low energy limit. In this model, very few parameters (cutoff parameter Λ QCD ) are used to obtain the spectra for both mesons and baryons, such as π, ρ, and ∆, etc., which fit the experimental data well [10] . However, for the large body of mesons, only few of them are described properly and a large part of mesons are still left over. Besides, in its preset form the full spin interactions are not treated properly although it has potential to describe spin splittings.
The light-front formalism [11] provides a convenient nonperturbative framework for the relativistic description of hadrons in terms of quark and gluon degrees of freedom [12] . Some fundamental nonperturbative light-front QCD approaches are available, such as light-front Bethe-Salpeter approach [13] , holographic light-front QCD model [10] , and light-front Hamiltonian method [14] . The light-front Bethe-Salpeter approach has been proposed by Kisslinger et al. to study pion form factor and the transition from non-perturbative to perturbative QCD calculation of pion form factor. Like the B-S approach of instant form, the equation of motion for light-front B-S wave function should be solved together with Schwinger-Dyson equation for dressed quark propagator, vertex, and self-energy, and the model parameters include confining potential strengths, and others for parametrization of the BS Kernel and the running quark masses. An interesting conclusion drawn from the study of this approach is that the perturbative QCD calculation works at the energy of 4-5 GeV, much lower than that explored previously by the instant form of QCD.
The effective light-front QCD Hamiltonian theory proposed by Brodsky and Pauli [14] is an attempt to describe the hadron structure as a bound constituent quark system in terms of Fock-space for the light-front wavefunction. The effective Hamiltonian of the approach has been constructed recursively from the larger valence quark and anti-quark Fock sectors and reduced to the lowest valence quark-anti-quark sector [15] . Because of some unique features, particularly the apparent simplic-ity of the light-front vacuum, this model is a promising approach to the bound-state problem of relativistic composite systems. Within the framework of the discretized light-front QCD, Pauli et al. have derived non-perturbatively an effective light-front Hamiltonian for mesons, which acts only on thesector [16, 17] . The mass eigen equations of mesons are formulated in momentum-helicity representation which hinders its solution in total angular momentum representation. Besides, in this effective Hamiltonian, confining potentials and flavor mixing interactions are lacking, so that the excited states of mesons and flavor diagonal light mesons can not be treated properly [18] .
In order to apply the approach to describe mesons in wholesector, essential changes are needed. First we have proved that in center of mass frame (rest frame) and in internal coordinate Hilbert subspace, the total angular momentum of the meson system is conserved(see Appendix A and B ). Then we are working in center of mass frame and in internal coordinate Hilbert subspace and make the following three significant improvements on the model: (1) transforming mass eigen equations from momentum-spin representation to total angular momentum representation and establishing a set of coupled radial mass eigen equations for each total angular momentum ; (2) introducing a relativistic confining potential into the effective meson interaction phenomenologically based on lattice QCD results ; (3) including an SU(3) flavor-mixing interaction in the model phenomenologically and obtaining a set of coupled radial eigen equations for different flavor components. In having done above, finally we have a complete QCD inspired relativistic bound state model for mesons on the wholesector. This model has been applied to about 265 mesons with available data and with total angular momentum from J = 0 to 6. The mass spectra, squared radii, and decay constants are calculated, and the calculated results are in good agreement with the data. While the most important physical results have been reported briefly in a short letter [19] , the present article will provide detailed information and solid foundation of the model for completion This paper is organized as follows. In Sec. II the QCD inspired relativistic bound state model for mesons is described and the relativistic mass eigen equations for bound states with any total angular momentum are derived. In Sec. III based on lattice QCD results, a relativistic confining potential in momentum space is introduced in the effective interaction of mesons. The effective interaction is extended to include an SU(3) flavor mixing interaction in Sec. IV. In Sec. V we present the numerical solutions for 265 mesons including both flavor-off and flavor diagonal mesons with J = 0−6. Sec.VI is an analysis of the results obtained. Finally, conclusion and discussion are given in Sec. VII. The four Appendices are for clarifying some important issues and for the derivation of key equations.
II. DESCRIPTION OF THE MODEL
For convenience, Brodsky and Pauli defined a lightfront Lorentz invariant Hamiltonian [14] 
The relativistic bound state problem in front form can be solved by solving the light-front mass eigen equation:
If one disregards possible zero modes and works in the light-front gauge, this equation can be solved in terms of a complete set of Fock states |µ n :
For a meson, the ket |Ψ holds:
Within the framework of discrete quantization of lightfront QCD, infinite dimensional Fock space has been truncated at a proper cutoff energy and the energy truncation plays a role of renormalization in discrete lightfront QCD. By Tamm-Dancoff projection method and resolvent technique, the equation of motion in a larger Fock space of multi-particles can be reduced to that in a smaller one with an effective interaction to account for the effect of the projected out part of the Fock space. The reduction and projection procedure can be carried out recursively, finally the effective Hamiltonian and its eigen equation onsector can be obtained. For flavor off-diagonal mesons, disregarding the zero modes and the two-gluon annihilation effect, Pauli et al. has obtained the effective mass eigen equation for mesons in light-front relative momentum coordinate space [16, 17] 
This is a relativistic covariant mass eigen equation for mesons in center of mass fame and in internal Hilbert subspace. However the equation of motion is written in relative momentum and helicity representation, and the momentum-helicity plane wave function contains all possible components of partial waves of the spin spherical harmonic functions Φ JlsM , the total angular momentum J and its z-component M are not conserved.
Despite this, Trittmann and Pauli [20] found an appropriate method which can calculate the eigenvalue spectrum separately for each J z = M . To do so, they transformed the light-front coordinate x back to the coordinate k 3 by Terent'ev transformation [21] , and used a unitary transformation to transform the Lepage-Brodsky spinors to the Bjorken-Drell spinors [22] . Then the mass eigen equation (5) becomes [23] :
This integration equation is written in momentumspin representation in terms of internal relative momenta of two quarks, spin singlet and triplet are mixed. For the same reason as discussed above, the momentum-spin plane wave does not conserve J and M . As noted in Ref [14] , in general it is difficult to explicitly compute the total angular momentum of a bound state by using light-front quantization. However, as addressed in Introduction, in the center of mass frame and in internal Hilbert subspace, the total angular momentum is conserved. This makes it possible to solve the mass eigen equation in total angular momentum representation (see Appendices B,C,D ).
Since in center of mass frame and in internal Hilbert subspace, the total angular momentum J 2 and J z are conserved, we can transform the mass eigen equation (6) from momentum-spin representation to total angular momentum representation and establish the mass eigen equation for each J. Expanding the momentum-spin plane wave function in terms of the spin spherical harmonic functions Φ JslM (Ω k , s 1 , s 2 ) and projecting out the spin and angular part of the wave function in |JslM subspace by the projecting operation,
we obtain the mass eigen equation for the radial wave function of R Jsl (k) (see Appendix C).
This is a set of coupled equations for radial functions R Jsl (k) of different partial waves and of spin singlet and triplets, coupled by the tensor potential and by the relativistic spin-orbital potential. In this case, the eigen wave functions R Jsl (k) has the conventional definition and physical meaning. The bound states of mesons can be described concisely by the spectroscopic symbol of
The above kernel U J sl;s ′ l ′ (k; k ′ ) contains different kinds of central potentials, relativistic spin-orbit coupling potentials, and tensor potentials changing l by ∆l = ±2 and mixing spin singlet and triplets (see Appendix D ).
III. INTRODUCING A CONFINING POTENTIAL
Quark confinement is one of the fundamental problems in QCD for hadronic physics. The confinement and the spontaneous breaking of chiral symmetry are key ingredients for solving the low-energy hadronic bound states from QCD, but none of them has been completely understood and solved. Numerical results show that the effective light-front Hamiltonian model proposed by Pauli et al. without confining potentials can well describe the ground states but can not apply to the radial excited states of mesons. To describe the excited states properly, the confining potential must be included in the model [18] .
Fortunately, we can refer to the constituent quark model which is successful due to the inclusion of a phenomenological confining potential in some way [24] . The key idea of this model consists in the introduction of a linear confining potential in coordinate space based on the numerical calculations of lattice QCD, and this nonrelativistic confining potential can be generalized to relativistic form.
In nonrelativistic quark models the confining potential in configuration space is,
where λ is the strength of the linear interaction, and c is a constant irrelevant in the present case and omitted hereafter. By Fourier transformation, the counterpart of the linear term λr in momentum space is obtained,
At the point of q = 0, the singularity indicates that the directly transformed result of linear potential could not be described correctly in momentum space, which results in an ill-defined bound state equation [25] . However, some different methods were employed to solve this problem for the relativistic case. In the present paper, the correct form for V lin (q) is constructed by introducing a small parameter η:
The relativistic linear potential in momentum space V lin (Q) is a direct generalization of the nonrelativistic one, just replacing the nonrelativistic |q| 2 in (12) by the relativistic Q 2 , which has the following specification in [6, 26] ,
and
Then the form of relativistic confining potential is,
Obviously, this confining potential is Lorentz covariant and can be used in either spin system or non-spin system. Now as the relativistic confining potential V con (Q) is included in the interaction, one has the new kernel
The scalar and vector interaction potentials read
where ǫ represents the scalar-vector mixing of the confining potential.
IV. INCLUDING A FLAVOR MIXING INTERACTION
It is extremely difficult to derive a simple form of flavor mixing interaction in the above effective Hamiltonian from light-front QCD at present. However, without flavor mixing potential, one can not deal with the flavor diagonal mesons such as π 0 , ρ 0 , and f 0 , etc. In the fundamental hadronic theory, the quarks of u, d, and s have an approximate SU (3) symmetry. Due to this symmetry, the quarks fields transform each other under the SU (3) transformation [27] , 
where T a are Gell-Mann Matrices. For convenience of numerical calculation, we introduce phenomenologically a simple flavor mixing interaction as follows,
where γ 0 and δ 0 are the strengths of flavor-mixing interaction, the index 1 and 2 denote the quark and anti-quark in meson, respectively. The flavor SU(3) wave functions and generators are defined as,
The action of the flavor mixing interaction on flavor wave function is as follows,
Combining this interaction with the precious one in equations (18) , we have a set of flavor-coupled radial eigen equations for the flavor components of up, down, and strange quarks,
The interaction kernel including the flavor-mixing interaction is
where
f is the identity operator in flavor space, V V and V S are the vector potential and scalar potential, respectively. For the flavor mixing mesons with total angular momentum J, the mass eigen equations are described explicitly by the following set of flavor-coupled equations
In the above equations, J, s, l denote total angular momentum, total spin, and total orbital angular momentum, respectively. Different mesons can be classified by the spectroscopic symbol 2S+1 L J (or their combination), which is equivalent to the symbol J P C . The space parity and charge conjugation parity are denoted as,
In the present model, the mass eigen value problem of mesons is described by a set of coupled integration equations, and the interaction includes a quark-anti-quark one gluon exchange potential V OGE , a confining potential V con , and a flavor mixing interaction V f . If the confining potential has a pure iso-scalar structure( ǫ = 0) and the flavor mixing interaction is omitted, the interaction contains two parameters: the effective coupling constant α and the confining potential strength λ. Besides, the flavor mixing interaction has two parameters, and the constituent quark masses are also indispensable parameters to describe spontaneous chiral symmetry breaking.
The numerical solution of the eigen equations can be obtained by discretization of integration equation (8) (8) is discretized as follows:
where w j is the weight of integration. Before diagonalizing this matrix equations, special care should be taken for two kinds of singularities: the singularity at infinite k and the singularity as k = k ′ inside the region of integration. The first one has been solved by the projection of the region k ∈ [0, ∞) onto the finite interval x ∈ [−1, 1], and the second one is treated by infrared singularity treatment. The detailed procedures of calculation can be found in Ref. [18, 28] .
The parameters of the model are determined from best fit to experimental data. In this paper, a purely scalar confining potential(ǫ = 0) is used. Reproducing the masses of π 0 , π ± , and π(1300), we can determineᾱ, λ, and the masses of up and down quarks. Then by reproducing the masses of K ± , D 0 , and B ± , the mass parameters of strange, charm, and bottom quarks are obtained. The parameters of flavor mixing interaction are determined by the best fit to the data of flavor diagonal mesons. From all the available data of mesons [29] In addition, the radial wave-functions of mesons in configuration space can be obtained from the radial wavefunctions in momentum space by Fourier transformation(see Appendix C), then one can calculate the mean square radii and the decay constants for some pseudoscalar mesons listed in Tab.I and compared with experimental data. 
VI. ANALYSIS OF THE RESULTS
In the above calculations, only one set of parameters are used, which deserves discussion. The effective coupling strength or running coupling constantᾱ and the related constituent quark masses have a great influence on ground state of light mesons, such as π. The confining potential strength λ governs the quark confinement at large distances and has strong influence on the excited states of light mesons and also on the spectra of heavy mesons. From the recent experiments of hadron physics, we know that the QCD coupling α(Q 2 ) becomes large constant(not singular) in the low momentum limit, which is called infrared conformal invariance [30] . This experimental fact explains why our model with a set of constant parameters works well to describe the structures of mesons in the energy region of 0.14GeV→ 10GeV, and our results may be thought of confirming the infrared conformal invariance feature of QCD on meson sector.
For light scalar mesons such as a 0 ,K * 0 , etc., although the structure of the scalar mesons remains a challenging puzzle, our model still describes a 0 (980), a 0 (1450), K * 0 (800), etc. quite well. For heavy mesons, because of the large masses of heavy quarks, the effective double-gluon-exchange interactions for off-diagonal heavy mesons are weak, which makes the model applicable to them. Therefore, the calculated mass spectra for the mesons of u/ds, u/dc, sc, cc, cb, u/db, sb, and bb are in good agreement with the data. However the meson K * (892) on u/ds sector with larger error of 50.1% needs special investigation(see below).
It should be noted that the J and P of D * ± s are not identified by experiments, but their width and decay modes are observed and consistent with the 1 − state. Nevertheless, our model provides a definite assignment of J = 1 and P = −1 for D * ± s . A similar prediction of the unidentified J and P is also made for other 8 mesons:
0 , and f J (2220). The 6 mesons with errors larger than 23% provide some information. For the vector mesons of η, η ′ (985), ρ(770) 0 , φ(1020), and ω(782) on u/d sector, and K * (892) on (u/d)s sector , the large discrepancy indicates that the structures of these mesons are special than others and need a different set of parameters: indeed, as the set of parameters are re-adjusted to the set of (α = 0.4594, γ 0 = 0.58, δ 0 = 0.74) and with the others the same, a better fit is found with errors less than 23%. Increase of the effective interaction strengths implies that these vector mesons may have strong coupling betweenandsubspaces and among different flavor components.
VII. CONCLUSION AND DISCUSSION
In conclusion, we have formulated the QCD inspired relativistic bound state model for mesons and derived its mass eigen equations in total angular momentum representation. It is proved that in center of mass frame and in internal Hilbert subspace, total angular momentum of the meson system is conserved. Moreover, by taking the advantages of other effective QCD approaches [6, 26] , the model has been improved significantly by introducing both a relativistic confining potential and an SU (3) flavor mixing interaction. The resulting radial mass eigen equations are solved numerically and nonperturbatively, and 265 mesons including flavor off-diagonal mesons and flavor diagonal ones with J = 0 − 6 are calculated and compared with experimental data. The calculated masses are in good agreement with the data within the mean square root mass error of 14%, only 6 mesons with mass error larger than 23%. Besides, the wave functions obtained from the model also yield reasonable mean square radii and decay constants for some pseudo scalar mesons. In view that the structure of the light scalar mesons is still a subject of controversy [31] , and the internal dynamics of heavy-light mesons in the static limit is far more complicated than that of the heavy-heavy ones [32] , our model can be thought to be successful to describe a large body of mesons.
The comparison of our model with other approaches is as follows:
1. As Pauli's model is concerned, we have improved the model significantly on 5 important points and make it a predictive and systematic model for mesons: 1) Proving that in internal Hilbert subspace, total angular momentum is conserved; 2) establishing the mass eigen equations in total angular representation for the first time; 3) introducing the relativistic confining potential into the model, which is new and quite different from Pauli, and its form taken from the [6, 26] ; 4) including the flavor mixing interaction; 5) solving the mass equations for 265 mesons nonperturbatively and the results are in good agreement with the data.
2. Comparing to other BSE and CQM meson models, our model is novel in following points: 1) The effective Hamiltonian is derived within the framework of lightfront QCD and the form (the spinor structure ) of the effective interactions is fixed by the lowest order of lightfront QCD.
2) The mass eigen equation is for the squared rest mass, the separation between kinematical energy operator and interaction operators is rigorous.
3)The spinor structure of the effective interaction make it momentumenergy dependent. 4) Also due to the spinor structure of the effective interactions, the dynamics of spin-spin, spin-orbital, and tensor interactions ( especially the spin singlet-triplet mxing and orbital angular momentum mixing ) are included( see Appendix C,D ). 5) The predictive power and the descriptive precision of the model are much better.
3. Comparing to holographic light-font QCD model of Brodsky et al. [10] , our model has the following new aspects : 1) In the effective Hamiltonian of mesons, the kinematical energy operator is identical for both holographic light-front QCD model and our model, but the interaction terms are quite different. 2) Holographic lightfront QCD model does not specify the effective interaction in detail, but just simulates confining potential by boundary condition ( or harmonic oscillator potential), or recently by a positive-sign dilaton metric to generate confinement and break conformal symmetry; instead, our model provides a detailed semi-phenomenological effective interaction including its spinor structure, the confining potential, and the flavor mixing interactions. 3) Holographic light-front QCD model does not include spinspin, spin-orbital, and tensor interactions, the total angular momentum of the system is not treated properly ( although it has potential to describe the spin splittings ); in the contrary, our model specifies the spin interactions and the spin dynamics is described fully in total angular momentum representation. 4) Finally, our model has been applied to a larger number of mesons ( 265 mesons identified experimentally ) with higher precision than those of holographic light-front QCD model. In the above respects, our model has provided a tentative and effective solution to the problems listed above and the results are amazingly in good agreement with experimental data. In this sense, our model can be considered to be of complementarity to and refinement of the holographic light-front QCD model. This work was supported in part by the National Natural Science Foundation of China under grant Nos.10974137 and 10775100, and by the Fund of Theoretical Nuclear Physics Center of HIRFL of China.
Appendix A: Dynamics in light front form and instant form in center of mass frame and in internal Hilbert subspace
To avoid misunderstanding of light-front dynamics, we start from a discussion of full contents of dynamics for both instant form(IF) and light front form(LF). The content of dynamics should contain the following four aspects, we list them for both dynamics of instant form and dynamics of light form as follows.
Full contents of dynamics in instant form

1) Definition of time
2) Hamiltonian (energy) operator is defined as the time translation operator:
M is dynamical mass operator.
3) Dynamics (i) Time evolution dynamics: equation of motion (Schrödinger equation),
(ii) Stationary dynamics: for stationary solution ,
one has the Hamiltonian eigen equation
where M is the eigen value ofM . 4) Specification of dynamical operators and kinematical operators among Poincare generators: 6 kinematical operators:P i ,Ĵ i , (i = 1, 2, 3); 4 dynamical operators: , 2, 3 ). It should be noted that the dynamical operators contain interactions via the Hamiltonian and Lorentz boost operators while the kinematical operators do not. Consequently, the kinematical operators can be used to characterize the state of the system as good quantum numbers according their algebraic structure and the dynamical operators except the Hamiltonian operator can not play such a role. It should be emphasized that the above specification is made in whole Hilbert space of the states of composite systems. For a composite many-body system, the whole Hilbert space of states can be factorized into two parts: a) the center of mass motion characterized by its momentum P , and b) the internal motion characterized by internal quantum numbers and (J, J 3 ). Correspondingly, the Poincare operators contain two kinds of operations, one on the subspace of center of mass motion and the other on the subspace of internal motion. Since the center of mass motion can always be separated from the internal motion, the state wave function of the composite system Ψ can be written as Ψ = Ψ cm Ψ inter , where the wave function of center of mass motion is characterized by the center of mass momentum, namely Ψ cm = Ψ P withP i Ψ P = P i Ψ P , while the internal wave function is characterized by internal quantum numbers and (J, J 3 ).
2. Full contents of dynamics in light front form:
1) Definition of time
2) Hamiltonian ("energy") operator is defined as the time translation operator:
M 0 is rest mass operator; one haŝ
(ii) Stationary dynamics: for stationary solution Ψ( M 2 P + , P + , P ⊥ , x + ) with quantum numbers: "energy"
P + and momentum P = (P + , P ⊥ )(E − is the eigen value ofP − , P + and P ⊥ are eigen values ofˆ P + ,ˆ P ⊥ ),
One has mass eigen equation:
4) Specification of dynamical operators and kinematical operators among Poincare generators: 7 kinematical operators:
3. Dynamics in center of mass frame and in internal Hilbert subspace for both forms of dynamics
The internal structure of a composite system should be described in the rest frame as well as in the corresponding internal Hilbert subspace. Since the center of mass frame always follows the center of mass motion of the system and the position of the center of mass of the system is at the origin of the frame, the wave function of center of mass motion of the system should be Ψ P =0 , and the center of mass momentum and the center of mass coordinates of the system should be zero, namely < Ψ P =0 |P i |Ψ P =0 >= 0 and < Ψ P =0 |x i |Ψ P =0 >= 0. In the center of mass frame, the Hilbert subspace of center of mass motion is frozen to Ψ P =0 , the whole Hilbert space of states of the system is thus projected onto the corresponding internal Hilbert subspace Ψ inter . Consequently, the dynamics of the composite system is reduced to the internal dynamics. Projecting onto the frozen center of mass wave function and integrating out the center of mass degrees of freedom, one obtain the Poincare operators in the internal subspace Ψ inter as follows.
1) Four momentum and property of time in center of mass frame and in internal Hilbert subspace.
In center of mass frame, the wave function of center of mass motion is : Ψ P =0 . The four momentum operator in internal Hilbert subspace can be obtained by projecting out the center of mass degrees of freedom ( namely averaging over the center of mass wave function). Sincê
HereM 0 is the operator of rest mass of the system. Thus in internal Hilbert subspace, the four momentum operators for instant form read:
while four momentum operators for light front form are:
From the above results , one haŝ
where τ is the proper time corresponding to the rest mass operatorM 0 . The last equation leads to
where τ 0 and τ ′ 0 are constant shifts of proper time. One can choose the start point of time such that
This leads to
2) Dynamics in center of mass frame and in internal Hilbert subspace (i) Time evolution dynamics: equations of motion in center of mass frame and in internal Hilbert subspace
The Schrödinger equations
in light front form, and
in instant form become the same
(ii) Stationary dynamics: mass (energy) eigen equations in center of mass frame and in internal Hilbert subspace.
The mass eigen equationŝ
in instant form where M 0 is the eigen value ofM 0 , and
in light front form are also the same because multiplyinĝ M 0 on the first equation leads to the second one.
3) Kinematical and dynamical operators in center of mass frame and in internal Hilbert subspace Projecting onto internal Hilbert subspace, the kinematical and dynamical operators can be obtained from the following calculation. From the results of (A12-A15) andĴ
one obtain
From the above results, one obtains the same reduced and degenerated kinematical and dynamical operators for both forms of dynamics in internal Hilbert subspace as follows: kinematical operators:Ĵ i inter (i = 1, 2, 3); dynamical operator:P
The above results tell that in center of mass frame and in internal Hilbert subspace, light front time and instant time, light front dynamics and instant dynamics, light front angular momentum and instant angular momentum are identical.
Conclusion
In general frames and in whole Hilbert space, both forms of dynamics are quite different. However, in center of mass frame and in internal Hilbert subspace, the two forms of dynamics are reduced to the identical internal dynamics.
There is a dilemma in this paper at first glance: our model begins with a light front QCD model, but the final form of our model possesses the feature of instant dynamics of QCD. Is it of LF dynamics or IF dynamics? The solution to the dilemma is given in this Appendix, the answer is that in center of mass frame and in internal Hilbert subspace, the reduced internal dynamics of both forms are identical. Therefore, our model contains ingredients of both the instant form and light front form of QCD, it can be called as QCD inspired effective Hamiltonian meson model. The reduction of angular momentum operators in internal Hilbert subspace can be discussed in an alternative manner and the results are the same as that in Appendix A.
A relativistic dynamical system has inhomogeneous Lorentz symmetry defined by the P oincaré algebra: P µ is energy-momentum vector, and M µν is used to describes the rotational and boost transformations. In instant form, the angular momentum and boost vectors are given as:
Now define the "quasi angular momentum" operators in the light-front form:
It is easy to prove that they satisfy the SU(2) algebra:
It is very useful to define a 'light-front Hamiltonian' as the operator:
H LC commutes with the quasi angular momentum operators :
In principle, one could label the eigen states as |M, P + , P ⊥ , J 2 , J 3 , since J 3 is kinematical. However, J ⊥ is dynamical and depends on the interactions. Thus it is generally difficult to explicitly compute the total spin J of a state using light-front quantization. Fortunately, in center-of-mass frame and in internal Hilbert subspace, by using the results of Appendix A, one has the following equations,
Therefore, in internal Hilbert subspace, the quasi angular momentum operators J i inter are identical to the total angular momentum operators J i inter (i = 1, 2, 3), the total angular momentum is conserved, and the eigen equation of the Hamiltonian H LC of the internal dynamics can be solved in the total angular momentum representation. 
χ(s 1 )|χ(s 2 ) = δ s1s2 .
The orthogonal conditions of the spinors are
u(k, s 1 )u(k, s
and the completeness conditions read, 
with the definition,
In the above equation, as done by Pauli et al. [20] , the light front k− space has been transformed back to the Lab k− space by the Terent'ev transformation, and Lepage-Brodsky (helicity) spinors have been transformed to the Bjorken-Drell (spin) spinors.
Using eqs.(C6, C15-C18) and projecting equation (C5) onto the subspace |χ(s 1 )χ(s 2 ) · k , we recover the equation (C1), indicating that the Dirac Form of the eigen equation (C5) is equivalent that of (C1).
Since (E 1 (k) + E 2 (k)) 2 and the interaction kernal operator U [k, k ′ ; σ(1), σ(2)] are scalar (see Appendix D, discussion below eq.(D9)), H is rotational invariant with respect to the total angular momentum J i = l i +s 
Defining the spherical spinors (Ω k )
The spin factor S s1s2;s ′ 1 s ′ 2 of the interaction can be written as
